Both genomic and subgenomic replicative intermediates (RIs) and replicative-form (RF) structures were found in 17CL1 mouse cells that had been infected with the A59 strain of mouse hepatitis virus (MHV), a prototypic coronavirus. Seven species of RNase-resistant RF RNAs, whose sizes were consistent with the fact that each was derived from an RI that was engaged in the synthesis of one of the seven MHV positive-strand RNAs, were produced by treatment with RNase A. Because the radiolabeling of the seven RF RNAs was proportional to that of the corresponding seven positive-strand RNAs, the relative rate of synthesis of each of the MHV positive-strand RNAs may be controlled by the relative number of each of the size classes of RIs that are produced. In contrast to alphavirus, which produced its subgenome-length RF RNAs from genome-length RIs, MHV RF RNAs were derived from genome-and subgenome-length RIs. Only the three largest MHV RF RNAs (RF,, RF1I, and RFIII) were derived from the RIs that migrated slowest on agarose gels. The four smallest RF RNAs (RFIV, RFv, RFvl, and RFVIl) were derived from RIs that migrated in a broad region of the gel that extended from the position of 28S rRNA to the position of the viral single-stranded MHV mRNA-3. Because all seven RIs were labeled during very short pulses with [3H]uridine, we concluded that the subgenome-length RIs are transcriptionally active. These findings, with the recent report of the presence of subgenome-length negative-strand RNAs in cells infected with porcine transmissible gastroenteritis virus (P. B. Sethna, S.-L. Hung, and D. A. Brian, Proc. Natl. Acad. Sci. USA 86:5626-5630, 1989), strongly suggest that coronaviruses utilize a novel replication strategy that employs the synthesis of subgenomic negative strands to produce subgenomic mRNAs.
Coronaviruses are enveloped positive-strand RNA viruses that cause the production of subgenomic mRNAs that are 3' coterminal with the genomic RNA; i.e., they comprise a nested set of mRNAs. Depending on the type or strain of coronavirus, five to seven subgenomic mRNAs are produced during infection. Each mRNA possesses an approximately 70-nucleotide-long sequence (referred to as the leader RNA) at its 5' end that is also present at the 5' end of the genome (for reviews, see references 12 and 23) . Until recently, it was thought that coronaviruses generated their subgenomic mRNAs from a genome-length negative-strand template via a mechanism termed leader-primed transcription (3, 13, 15, 24) . UV inactivation studies (8) demonstrated that the subgenomic mRNAs were derived not by cleavage from a large precursor but by independent initiation, on either genomelength or subgenome-length negative-strand templates. Because only genome-length negative-strand templates were found in mouse hepatitis virus (MHV)-infected cells and in replicative intermediates (RIs) obtained from MHV-infected cells and because only genome-length replicative-form (RF) RNA was found in cells infected with MHV (3, 14) , it was believed that the leader RNA was copied from the 3' end of the negative-strand template and was translocated to the intergenic regions that are located upstream of each of the sequences encoding the individual subgenomic mRNAs (6) . An alternative model proposed that the negative-strand template looped out to allow the polymerase to skip the sequences between the end of the leader and the beginning of each gene (24) . This model was ruled out, because only genome-length RNase-resistant RF RNA was found in cells infected with MHV (3, 14) .
The first report that coronaviruses may utilize a subge-* Corresponding author.
nome-length negative strand as a template for the synthesis of subgenomic mRNAs was published recently by the laboratory of David Brian at the University of Tennessee (21) . They reported that, in cells infected with porcine transmissible gastroenteritis virus, they found subgenome-length negative strands that corresponded to the lengths of the various subgenomic mRNAs. We report here that RIs and RF RNAs that would contain subgenomic negative-strand templates were detected also in MHV-infected cells and that these subgenomic replicative structures were active in RNA synthesis. We used the alphavirus Semliki Forest virus (SFV), which generates only one subgenomic mRNA via internal initiation on genome-length negative-strand templates (for reviews, see references 9 and 25), as a contrasting system to demonstrate the specific production of subgenomic RIs and RF RNAs by MHV. Thus, the identification of subgenomic negative-strand templates in cells infected with MHV suggests a replication strategy that is probably common to all coronaviruses and that would be unique among the single-stranded-RNA animal viruses.
MATERIALS AND METHODS
Cells and viruses. Seventeen clone one (17CL1) mouse cells and the A59 strain of MHV were grown as described previously (19) . SFV was grown as described previously (20) , and titers were determined by plaque assay on monolayers of 17CL1 cells overlaid with medium containing 0.1% Gelrite (Kelco, San Diego, Calif.) in 60-mm petri dishes.
Radiolabeling and isolation of viral RNAs. 17CL1 cells in 35-or 60-mm petri dishes were infected with MHV or SFV at a multiplicity of infection (MOI) of 20 (2 ,ul) . After the samples were incubated for 15 min at 30°C, 6 plA of TBE-dye solution (1 part 1Ox dye in 60% sucrose and 2 parts 5x TBE) was added. The total sample (20 ,u) was loaded onto 0.8% agarose gels in TBE (TBE with 0.2% sodium dodecyl sulfate was the running buffer) for 400 V h or until the bromphenol blue dye was at the end of the gel. If appropriate, the gels were stained with ethidium bromide or were directly processed for fluorography by being soaked in several methanol washes, in methanol containing 1% PPO (2,5-diphenyloxazole), and then in water. The gels were dried under a vacuum before exposure to X-ray film at -80°C. When analyzed on 0.8% agarose gels in MOPS (morpholinepropanesulfonic acid) and formaldehyde, the gel contained 2.2 M formaldehyde in MOPS buffer (10 mM (Fig. 1B) of the products of transcription indicated that genomic and subgenomic single-stranded MHV RNAs were synthesized in the expected ratios; synthesis of RNA-1 and RNA-7 predominated, but RNA-2, RNA-3, RNA-4, RNA-5, and RNA-6 were also detected. No evidence was found for the presence of defective interfering particles in this stock of MHV, even when the stock was used undiluted, e.g., at 300 PFU per cell. There was neither an inhibition of synthesis of the genomic or the subgenomic mRNAs nor extra radiolabeled bands on the gel at 300 PFU per cell that did not appear at 20 PFU per cell. We used an MOI of 20 PFU per cell for the remainder of the experiments. Analysis of SFV transcription was included in this study, because SFV transcribes both genomic and subgenomic mRNA from a genome-length negative strand. Since alphavirus transcription has been well characterized, it provided a reference for comparison with the results obtained for MHV transcription. Infection of 17CL1 cells with SFV produced approximately the same kinetics of viral RNA synthesis as did MHV, except that SFV RNA synthesis was detected an hour VOL. 64, 1990 on October 28, 2017 by guest http://jvi.asm.org/ sooner than MHV RNA synthesis was (Fig. 1 ). In the case of alphaviruses, the RIs migrated slower than the 49S genome and at approximately the same rate as MHV RNA-1 (see below and see Fig. 4 ).
Subgenomic MHV RF molecules after RNase treatment of infected cell extracts. We used the methods developed from studies of alphavirus transcription (18, 22) to investigate the structure of the MHV RIs. During SFV replication, the RIs engaged in the synthesis of both genomic (49S) and subgenomic (26S) RNAs contain genome-length negative strands. Both the RIs synthesizing 49S and those synthesizing 26S mRNA are large and cannot be separated from one another by physical methods but can be distinguished after conversion to RF RNA by treatment with RNase to remove the single-stranded portion of the nascent chains. The Fig. 3 
and 4).
To see whether MHV also caused the production of subgenome-length RF RNA, MHV-infected cells were labeled with [3H]uridine in the presence of dactinomycin from 1 to 6 h p.i., conditions which would maximally label both the negative and positive strands of the MHV RIs (19) , and were treated with RNase A under the conditions developed to produce SFV RF RNA. At 6 h p.i., the cells were solubilized with lithium dodecyl sulfate and proteinase K, phenol and chloroform extracted, and ethanol precipitated. Figure 2 shows an autoradiogram of the gel of the labeled products. The extracts applied to lane 1 (Fig. 2) were not treated with DNase I, whereas the extracts applied to the other lanes were treated with DNase I. The 60S MHV genome RNA (RNA-1) comigrated with the cellular DNA which was visualized by staining the gel with ethidium bromide before fluorography. RNA-4 migrated at approximately the same rate as 28S rRNA, and RNA-7, the smallest and most abundant species of MHV single-stranded RNA, migrated faster than the 18S rRNA. Treatment of the extracts with both low (0.1 ng/ml) and high ( Figure 3A shows a direct comparison of SFV RF RNA and MHV RF RNA generated by treatment with 0.1 and 1.0 pLg of RNase A per ml. Figure 3B shows a semilog plot of the relative migration rates of each of the RF RNAs. The sizes of these seven RF RNAs were proportional to the expected sizes of subgenomic negative-strand templates for each of the seven MHV RNAs. The numbers of kilobase pairs (kbp) expected for the subgenomic RF RNA were obtained from the reported sequence lengths of mRNA-2 (9.7 kbp), -6 (2.6 kbp), and -7 (1.9 kbp) (1, 2, 16) Figure 4 shows the results of an experiment designed to answer this question by determining the size of the MHV RIs that generated the seven RFs when treated with RNase A. [3H]uridine-labeled extracts of cells infected with either MHV or SFV were treated with DNase I and electrophoresed in low-melting-temperature agarose. The gel was stained with ethidium bromide, and three regions of the gel (i.e., region A, containing ethidium bromide-stained material that migrated where uncut DNA migrated; region B, where 8-to 12-kilobase single-stranded RNA would migrate; and region C, 1 cm on either side of the 28S region, that would encompass single-stranded RNAs of about 2 to 8 kb) were excised. The RNA was extracted and either was left untreated or was treated with RNase A before being reelectrophoresed on a second agarose gel. RNA extracted from region A of the SFV gel yielded all three alphavirus RF RNAs-RFI, RFII, and RF,1--when treated with RNase A, which is consistent with the previous observations that alphavirus RIs that are engaged in the synthesis of either 49S genomic RNA or 26S subgenomic RNA contain a full-length negative-strand template (Fig. 4) (9, 18, 25) . The small amount of single-stranded RNA (the diffusely migrated radiolabeled material) that was present in the lane that was not treated with RNase (Fig. 3A) and, if present, would have been detected readily. However, labeled RFvl1 was eluted from the 28S region of the gel (region C) and from the region between 28S rRNA and the MHV RFIII RNA (region B). Region B contained, in addition to labeled RFvl1 RNA, labeled MHV RF1v, RFv, and RFv1
RNAs. MHV RFI and RFIII but not RF1 were generated from a region of the gel just below that containing the genomic RNA (data not shown). Thus, the various MHV RF RNAs were generated from a family of RIs that migrated at different rates, which were relative to the sizes expected on the basis of the sizes of their single-stranded products. We conclude that the smaller RF RNAs were not generated by RNase treatment from the same genome-length RIs, as occurs with alphaviruses, but exist in the infected cell as subgenomic replicative structures.
The second approach we used to determine whether RIs smaller than genome length were present in MHV-infected cells and were metabolically active was to employ pulselabeling conditions to specifically radiolabel structures actively synthesizing MHV in MHV RIs, we used pulses of short duration, i.e., 2 to 5 min. Greater amounts of [3H]uridine should be incorporated into the precursor RIs than into the product single strands under these conditions. Figure 5 shows the results of this type of analysis. After a 2-min labeling period, radiolabeled RNA bands corresponding to MHV RNAs RF, to RFvj1
were present in the sample that had not been exposed to RNase (Fig. 5, lane 1) , and only small amounts of radiolabeled uridine were incorporated into mRNA-6 and mRNA-7, the smallest two subgenomic mRNAs. For very short labeling times, more of the smallest mRNA would be released before much of the largest mRNA would be released, because RNA-7 is about 10 to 15 times shorter and has about 20 times more templates than RNA-1. MHV RNA-7 migrated the fastest as a broad band. By 5 min of pulselabeling, the larger mRNAs were detectable (Fig. 5, lane 2) , and by 20 min (lane 3), most of the label had flowed into single-stranded RNA which obscured detection of the RIs. RNase treatment of the samples unmasked the seven species of RF RNAs (Fig. 5, lanes 4 through 6) . All seven species of RFs were labeled in the 2-min pulse, which demonstrated that each of these species was actively engaged in RNA synthesis. Longer pulse periods of 5 to 20 min (Fig. 5 ) to 300 min ( Fig. 2 and 3A) did not alter the relative pattern of incorporation of [3H]uridine into each of the seven RF RNAs, and this pattern was approximately the same as that observed for the synthesis of the product single-stranded mRNAs in infected cells (Fig. 1) . RNA-1 migrated faster than MHV RF, on this type of gel, because extra NaCl was added to the samples not treated with RNase in order to match the concentration of NaCl in the samples treated with RNase. With the exception of the genome-length RIs, labeled RIs (Fig. 5, lanes 1 and 2) migrated at approximately the same rate as the RF RNA, as judged by the intensities of the bands with or without RNase treatment. Because RF1 RNA (Fig. 5, lanes 4 through 6) was more heavily labeled than the corresponding RIs (Fig. 5, lanes 1 through 3) , most of the genome-length RIs must have migrated slowly and diffusely at the top of the gel (Fig. 5, lanes 1 through 3) . The relative amount of label in each of the MHV RFs was approximately proportional to the observed synthesis of the genomic and subgenomic mRNAs. This result would not have been obtained if certain RFs were dead-end products or were generated from larger precursor RIs. Such a case occurs in alphaviruses in which the RFIII region of the RIs that synthesize 26S mRNA is maximally labeled 40 times faster than the RF,1 region (18, 22) . We conclude that in MHV-infected cells, discrete subgenome-length RIs that were transcriptionally active were found. DISCUSSION The results show that transcriptionally active subgenomelength RIs accumulate in MHV-infected 17CL1 cells and that the MHV RIs can be converted to seven discrete RFs by treatment with RNase A. Although we have not demonstrated directly that the subgenomic RIs and RFs contained negative strands, we believe that our results strongly support the concept that coronaviruses produce subgenome-length negative strands that are engaged in positive-strand synthesis. Our results corroborate those of Sethna et al. (21), who demonstrated directly that subgenome-length negative strands were present in cells infected with porcine transmissible gastroenteritis virus. Our results contradict those published by Lai et al. (14) and Baric et al. (3) , who found only genome-length negative strands in MHV-infected cells. We have no explanation for the failure of Lai et al. (14) to detect the subgenomic negative strands, especially those that corresponded to RNA-7. In our experiments, RFvl1 appeared to be present in higher molar amounts than RF, and should have been detected by the procedures used by those authors, which involved probing with radiolabeled positive-strand RNA after Northern (RNA) blotting. Furthermore, because RNA-7 is much smaller, it should have been transferred from the gel at a much higher efficiency than RNA-1. Interestingly, Lai et al. (14) indicated that on occasion, small amounts of radioactive probe hybridized to material that ran near the bottom of their gels. In the case of Baric et al. (3) , the RIs were subjected to exclusion chromatography before the sizes of the negative strands associated with the RIs were examined, and this procedure may have eliminated the smaller RIs, especially RIvl1, which would elute later than RI,.
We were able to demonstrate directly that SFV (an alphavirus) and MHV (a coronavirus) use different strategies to produce subgenomic mRNAs in 17CL1 cells. Alphaviruses use full-length negative strands to synthesize both genomic and subgenomic mRNAs (9, 18, 22, 25) . Only genome-length negative-strand RNAs are present in alphavirus RIs. The alphavirus RIs sediment at about 20S to 35S on sucrose gradients (18, 22) and migrate in agarose gels more slowly than the 49S genomic RNA. When treated with RNase, alphavirus RIs yield three RFs, which demonstrates that genome-length negative-strand templates are used to produce both genomic and subgenomic mRNAs. A similar strategy for the production of subgenomic mRNA from genome-length negative strands exists in positive-stranded plant viruses (7) . There has been no experimental support obtained for the notion that alphavirus RFI (22) (24) or by differential premature termination of transcription (10), which would produce both genomic and subgenomic mRNAs that possess identical 5' and 3' ends. These positivestrand molecules then would be copied into the genome-and subgenome-length negative strands. The subgenomic negative-strand templates in turn would be used for a second kind of positive-strand synthesis to amplify the family of subgenomic mRNAs. In this model, subgenomic positive strands would be produced first and would serve as the templates for the generation of subgenomic negative strands; such a model is consistent with the results of UV inactivation studies of positive-strand transcription, which indicate that UV targets are proportional to the size of each of the subgenomic mRNAs (8) , and with the results of studies that determined that the 5' leader sequence on the subgenomic mRNAs was the same as that on the genomic RNA (13, 15, 24) . If Fig. 4 did not reveal RFvl1 being generated from RIs containing genome-length templates.
We suggest an alternative model. Subgenomic negative strands are produced directly from genome-length positive strands and are the only templates for subgenomic-mRNA synthesis. Subgenomic negative strands could result from differential premature termination of transcription of the genomic RNA if the intergenic regions functioned as attenuators during the synthesis of negative strands and if negative-strand synthesis terminated at the intergenic regions. In this case, the 3' ends of the subgenomic negative strands would not encode leader RNA but might include the consensus sequence of the intergenic regions. On the other hand, subgenomic negative strands could result from the looping out of the genomic template during transcription or from the splicing of the nascent negative strand to incorporate in the negative sense the leader sequence encoded at the 5' end of the genomic RNA (an anti-leader) into each subgenomic negative-strand RNA. All these mechanisms would result in a family of negative-strand templates that would produce a nested set of negative strands; i.e., they would be 5' coterminal. The major difference between these models is the presence or absence of an anti-leader sequence at the 3' end of the subgenomic negative strands. Direct sequencing of the 3' end of the negative-strand templates which would be present in each of the subgenome-length RIs will be necessary to prove that the leader RNA is derived by direct transcription. If the subgenomic negative strands do not contain a sequence complementary to the leader RNA at their 3' ends, then the subgenomic negative strands would arise by direct transcription of the genome and differential premature termination. If this is found, the leader RNA may be added to each mRNA transcript during an initiation event whereby the polymerase-leader RNA complex would initiate transcription on each of the subgenomic negative strands. Such subgenomic positive-strand synthesis would be similar to that of influenza virus, which also uses a leader-primed mechanism to initiate viral mRNA synthesis but which obtains its leader sequences from the 5' ends of host cell polymerase II transcripts (for a review, see reference 11).
This model would not be inconsistent with the UV sensitivity data for mRNA synthesis obtained by Jacobs et al. (8) and would be compatible with what is known about the presence of a common leader sequence on the coronavirus subgenomic mRNAs. One more conclusion suggested by our results and those published by Sethna et al. (21) for porcine transmissible gastroenteritis virus was that the relative abundance of each of the subgenomic mRNAs may be determined not by polymerase affinity for the different promoters on the genome-length negative-strand RNA but by the relative abundance of each of the particular negative-strand templates. The relative proportions of incorporation into and accumulation of the MHV RF RNAs were approximately the same as those found for the single-stranded mRNAs. Thus, the relatively large amounts of RNA-1 and RNA-7 mRNAs produced in infected cells correlated with the presence of large numbers of templates for these RNAs. Therefore, transcriptional control would reside at the level of negativestrand synthesis. Whatever the mechanism for generating the subgenomic negative strands, it would govern the amount of each of the seven RIs that accumulate in the infected cell.
tural proteins encoded by the large A gene, estimated at 20 kb for MHV (17) and avian infectious bronchitis virus (4) , and by the other nonstructural genes of coronaviruses in the transcriptional processes will undoubtedly be an important and interesting area of study. Our results and those of Sethna et al. (21) strongly suggest that the currently accepted models of MHV transcription need to be reexamined.
